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- Precise vertexing

impact parameter resolution � 


- Calorimeters ECAL, HCAL

for ECAL, � 


- HeRSCheL detector: scintillating counters covering high rapidity region to veto 
background in UPC (ultra peripheral collisions)

(15 + 29/pT[GeV]) μm

ΔE/E = 1% + 10 % / E[GeV]

The LHCb detector
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• One-arm spectrometer at LHC fully 
instrumented in � 


- Tracking system with momentum 
resolution


� from �  to � 


- Excellent hadron and muon ID

� 

misID � 


� 

misID �

2 < η < 5

Δp/p = 0.5 − 1 % 2 200 GeV/c

ε(μ → μ) ∼ 97 %
ε(π → μ) ∼ 1 − 3 %

ε(K → K ) ∼ 95 %
ε(π → K ) ∼ 5 %Hadron

Muon

LHCb JINST 3 (2008) S08005
LHCb performance IJMPA 30 (2015) 1530022
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Heavy ion collisions at LHCb
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• Full run 1+2 dataset from HI collisions:• Only detector at LHC fully equipped in 
forward region

p Pb

• Two configurations in �  collisions:pPb

pPb

Forward !η > 0

Backward !η < 0

Boost of nucleon-nucleon cms 
system: !η = ηlab − 0.465

LHCb detector

General purpose single-arm forward spectrometer
• Acceptance

• 2 < η < 5 with particle identification
• 0.1 < !! / GeV&"#< 10

• Very good momentum and vertex resolution
• Very good discrimination of prompt charm & beauty

• Very accurate luminosity (world record for p-p 7 TeV)
• PID optimal for µ, p, K, p
• Flexible software trigger

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022 

Hans Dembinski - LHCb Heavy-ion and QCD 2
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Results for today
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1.Prompt charged particle production in �  and �  at � 

- LHCb-PAPER-2021-015 (in preparation)


2.Prompt-production cross-section ratio �  in �  at � 

- LHCb-PAPER-2020-048, arXiv:2103.07349


3.Photo-produced �  in peripheral PbPb collisions

- LHCb-PAPER-2020-043 (in preparation)


4.Coherent �  production in PbPb UPC

-  LHCb-CONF-2018-003

pPb pp 5.02 TeV

χc2/χc1 pPb 8.16 TeV

J/ψ

J/ψ

NEW!

NEW!

http://arxiv.org/abs/2103.07349
https://cds.cern.ch/record/2320135
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• Inclusive prompt charged particle 
spectra provides information of the initial 
state of the collision


• LHCb can probe unprecedented 
Bjorken-�  range


- forward, � 


- backward, � 


• Possible access to saturation region in 
perturbative scale � 


• Backward acceptance overlaps with 
�  at central BRAHMS (� ) and 
backward PHENIX ( � )


• Nuclear modification factor: 
�  

x

10−6 ≲ x ≲ 10−4

10−3 ≲ x ≲ 10−1

pT > 1.5 GeV/c

(x, Q2) dAu
Aup

RpA ≡ σpA/(Aσpp)

Prompt charged particle production in ! , !pPb pp
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Saturation
Region

LHCb (pPb)
LHCb (Pbp)
CMS
ATLAS
ALICE

PHENIX (pAu)
PHENIX (Aup)
BRAHMS
pT > 1.5 GeV/c

pT > 1.5 GeV/c

Saturation region:  
PRD59, 014017 (1998), 
PRL100, 022303 (2008)

Q2 ∼ m2 + p2
T, x ∼

Q
sNN

e−η

� : exchanged momentum between interacting partons


� : momentum fraction shared by the probed parton

Q2

x

m = 256 MeV/c2
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• � ,     


• Prompt charged particle yields measured with tracking system


• Raw yield corrected mainly by: 

- reconstruction and selection efficiencies

- background from fake tracks and secondary particles

d2σ
dpTdη

pPb, pp

=
1
ℒ

⋅
Nch(η, pT)

ΔpTΔη

 ! ,  !p > 2 GeV/c 0.2 < pT < 8 GeV/c

Prompt charged particle production in ! , !pPb pp
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Total uncertainty:  
• down to � in �  

• down to �  in �
2.8 % d2σ/dηdpT
4.2 % RpPb

 LHCb-PAPER-2021-015 
(in preparation)

! :  ! , !  
! , forward:  ! , !  
! , backward:  ! , !

pp 2 < η < 4.8 ℒ = 3.49 ± 0.07 nb−1

pPb 1.5 < η < 4.3 ℒ = 42.73 ± 0.98 μb−1

Pbp −2.5 < η < − 5.3 ℒ = 38.71 ± 0.97 μb1

sNN = 5.02 TeV

LHCb preliminary
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• Nuclear modification factor: �RpPb(η, pT) =
1
A

d2σpPb(η, pT)/dpTdη

d2σpp(η, pT)/dpTdη
, A = 208

Prompt charged particle production in ! , !pPb pp
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- EPPS16+DDS: I. Helenius et. al. JHEP09(2014) 138


- CGC: T. Lappi et. al. PR D88, 114020


- pQCD calculation with MS: Z. B. Kang et. al. PR D88(2013) 054010

LHCb preliminary

 LHCb-PAPER-2021-015 
(in preparation)

PL B740(2015) 23

Models:• Strong suppression at forward �  


• Enhancement at backward for � , 
as observed by PHENIX in �

η
pT > 1.5 GeV/c

Aup

https://link.springer.com/article/10.1007/JHEP09(2014)138
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.114020
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.054010
https://www.sciencedirect.com/science/article/pii/S0370269314008260?via=ihub
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4.5− < η4.8 < −LHCb,   
2.5− < η3.0 < −LHCb,   
0.3− < η1.3 < −ALICE,  
2.5− < η2.0 < −LHCb,   
4.3− < η4.0 < −LHCb,   

4.5− < η4.8 < −LHCb,   
2.5− < η3.0 < −LHCb,   
0.3− < η1.3 < −ALICE,  
2.5− < η2.0 < −LHCb,   
4.3− < η4.0 < −LHCb,   • Continuous trend from forward to backward � , 

including ALICE result


• Enhancement in backward region starts at 
different �  for different �

η

pT η

Prompt charged particle production in ! , !pPb pp
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• Defining auxiliary variables �  and � :


� 


- with �  and �  the center of each bin and 
� , 


- Indirect study of the evolution of �  with �  
and � 


• Continuous evolution of �  with �  at 
different � , between forward, central and 
backward �  regions

xexp Q2
exp

Q2
exp ≡ m2 + p2

T and xexp ≡
Qexp

snn
e−η

η pT
m = 256 MeV/c2

RpPb x
Q2

RpPb xexp
Q2

exp
η

LHCb preliminary

 LHCb-PAPER-2021-015 (in preparation)

LHCb preliminary
ALICE: JHEP 
1811 (2018) 013
CMS: JHEP 04 
(2017) 039

https://link.springer.com/article/10.1007/JHEP11(2018)013
https://link.springer.com/article/10.1007/JHEP11(2018)013
https://link.springer.com/article/10.1007/JHEP04(2017)039
https://link.springer.com/article/10.1007/JHEP04(2017)039
https://link.springer.com/article/10.1007/JHEP04(2017)039
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Calorimetric photons
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• First � , �  measurement in nuclear collisions at LHC! � , �  (� ), �  (� ) 

• Complements measurements of � , � , �  production in �  at LHCb


• Using radiative decay � , two strategies to detect � 


• Prompt candidates selected with �  requirement, �

χc2 χc1 sNN = 8.16 TeV 14 μb−1 pPb 21 μb−1 Pbp

J/ψ ψ(2S) Υ(nS) pPb
χcn → J/ψ( → μ+μ−) γ γ

tz tz =
(zdecay − zPV) × Mχc1

pz

Prompt-production cross-section ratio !  in !χc2/χc1 pPb
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Converted photons
* < 4.0y1.5 < 

Excellent mass resolution, low statistics Reasonable statistics, worse mass resolution

arXiv:2103.07349
submitted to PRC Lett. 

ΔM ≡ M(μ+μ−γ) − M(μ+μ−)

- converted photons (� , material interaction)
 - calorimetric photons (using calorimeter)γ → e±

https://arxiv.org/abs/2103.07349
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Prompt-production cross-section ratio !  in !χc2/χc1 pPb

�10

4− 2− 0 2 4
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)
c1χ(

σ)/
c2χ(

σ

Converted
Calorimetric

 = 7 TeVspp 

LHCb
 = 8.16 TeVNNspPb 

� ,    where � 


• Cancellation of efficiencies in cross-section ratio

σ(χc2)
σ(χc1)

=
Nχc2

Nχc1

εχc2

εχc1

ℬ(χc2 → J/ψγ)
ℬ(χc1 → J/ψγ)

εχc1

εχc2

=
εacc

χc1

εacc
χc2

εreco
χc1

εreco
χc2

arXiv:2103.07349
submitted to PRC Lett. 

• Ratio consistent with unity


- No rapidity dependence within uncertainty


• Consistent with �  �  ratio within �  
(JHEP10(2013) 115)

pp 7 TeV 2σ

� 


�      (forward)


�      (backward)


➡ Nuclear effects affect similarly to both states

ℛ =
σ(χc2)/σ(χc1) |pPb

σ(χc2)/σ(χc1) |pp

ℛ = 1.41 ± 0.21 ± 0.18

ℛ = 1.44 ± 0.24 ± 0.25

https://arxiv.org/abs/2103.07349
https://link.springer.com/article/10.1007/JHEP10(2013)115
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• Studied coherently photo-produced �  in peripheral �  collisions


• First �  measurement at LHCb! 


• Using 2018 �  sample, � , � , � to � centrality


• Centrality determination based on energy deposited in ECAL and Glauber calculation


• Non-prompt �  removed with �  selection


• Coherently-produced �  contribution obtained with fit to �  distribution of 
background-subtracted candidates

J/ψ PbPb

PbPb

PbPb sNN = 5.02 TeV ∼ 210 μb−1 85 % 60 %

J/ψ tz

J/ψ log(p2
T)

- Could this be an explanation for the low-�   excess observed by ALICE in 
�  and STAR in � ? (PRL 123, 132302, PRL 116, 222301)

pT
PbPb AuAu

• Ultra-Peripheral Collisions(UPCs): 
      impact parameter b is larger than the sum of the radii Ra and Rb of the two colliding nuclei, thus J/ψ mesons can be     
       coherently produced without nuclear breaking up.
• Peripheral Collisions: b is smaller than the sum of the radii
• Coherent �/� production can also occurs in peripheral collision with very low-pT excess.

     

Coherent �/� photoproduction in PbPb 5 TeV
  

16/20

Coherent productionHadronic productionUltra-Peripheral Collision Peripheral Collision

Photo-produced !  in peripheral !  collisionsJ/ψ PbPb
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Figure 1: Invariant-mass distribution of J/ candidates in hNparti=10.59±2.88, for
pT < 15.0GeV/c and y 2 [2.0, 4.5] (left). Distribution of the log(p2T) of the J/ candi-
dates for hNparti=10.59 ± 2.88. The result of the fit to disentangle the photo-produced and
hadronically produced J/ is superimposed (right). Each of these distributions has the residual
plot represented underneath, which compare the data points to the fitted function.

where n1, n2, n3 and p0 are parameters that are left free to vary in the fit. The results83

of the fit on the data are shown in Fig. 1. A good description of the data spectrum is84

observed in all centrality bins. The photo-produced J/ candidates are visible in the region85

defined by log(p2T ) < 11, covering the transverse momentum range 0 to ⇠250MeV/c.86

Simulation is required to model the e↵ects of the detector acceptance and the selection87

requirements on the signal. The PbPb collisions are generated using EPOS [28] and88

the hard process is generated with Pythia [29] with a specific LHCb configuration [30].89

An additional signal sample was produced using the STARlight [31] generator where90

the J/ is transversely polarised to study the dependence of the acceptance on the J/ 91

polarisation in the photo-production scenario. The interactions of the generated particles92

with the detector, and its response, are implemented using the Geant4 toolkit [32] as93

described in Ref. [33]. The total e�ciency is determined independently in each bin of94

centrality, and it includes the e↵ects of the geometrical acceptance, the trigger e�ciency95

"trigger, the reconstruction and selection e�ciency "rec&sel and the e�ciency of the particle96

identification (PID) criteria "PID . The acceptance is determined using the STARlight97

sample in the analysis kinematic range. The "rec&sel is estimated using simulation and98

data calibration techniques. The main component of the reconstruction ine�ciency is99

due to the tracking algorithms, that are a↵ected by the high occupancy in PbPb-collision100

events. The tracking e�ciency is evaluated using two data samples of D0 mesons decaying101

in the K⇡ and K⇡⇡⇡ channels, and assuming that the tracking e�ciency is the same102

for the ⇡ and for the µ track. The same decay modes are simulated and a correction103

factor k(Nc) (dependent on the event multiplicity) is then computed in order to obtain104

the relative reconstruction e�ciency between data and simulation. The latter factor is105

used to reweight the reconstructed J/ simulation. An additional reweighting is also106

performed on the kinematic distributions of the simulated J/ to match the data. The107

e�ciency is finally determined by comparing the corrected samples at reconstruction and108

simulation level. The PID e�ciency "PID is evaluated using a dedicated package [34] with109

pp calibration samples. Those e�ciencies are used as a baseline to perform a 2D (pT ,110

Nc) extrapolation, using first and second order polynomial functions, to estimate the111
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pT < 15.0GeV/c and y 2 [2.0, 4.5] (left). Distribution of the log(p2T) of the J/ candi-
dates for hNparti=10.59 ± 2.88. The result of the fit to disentangle the photo-produced and
hadronically produced J/ is superimposed (right). Each of these distributions has the residual
plot represented underneath, which compare the data points to the fitted function.

where n1, n2, n3 and p0 are parameters that are left free to vary in the fit. The results83

of the fit on the data are shown in Fig. 1. A good description of the data spectrum is84

observed in all centrality bins. The photo-produced J/ candidates are visible in the region85

defined by log(p2T ) < 11, covering the transverse momentum range 0 to ⇠250MeV/c.86

Simulation is required to model the e↵ects of the detector acceptance and the selection87

requirements on the signal. The PbPb collisions are generated using EPOS [28] and88

the hard process is generated with Pythia [29] with a specific LHCb configuration [30].89

An additional signal sample was produced using the STARlight [31] generator where90

the J/ is transversely polarised to study the dependence of the acceptance on the J/ 91

polarisation in the photo-production scenario. The interactions of the generated particles92

with the detector, and its response, are implemented using the Geant4 toolkit [32] as93

described in Ref. [33]. The total e�ciency is determined independently in each bin of94

centrality, and it includes the e↵ects of the geometrical acceptance, the trigger e�ciency95

"trigger, the reconstruction and selection e�ciency "rec&sel and the e�ciency of the particle96

identification (PID) criteria "PID . The acceptance is determined using the STARlight97

sample in the analysis kinematic range. The "rec&sel is estimated using simulation and98

data calibration techniques. The main component of the reconstruction ine�ciency is99

due to the tracking algorithms, that are a↵ected by the high occupancy in PbPb-collision100

events. The tracking e�ciency is evaluated using two data samples of D0 mesons decaying101

in the K⇡ and K⇡⇡⇡ channels, and assuming that the tracking e�ciency is the same102

for the ⇡ and for the µ track. The same decay modes are simulated and a correction103

factor k(Nc) (dependent on the event multiplicity) is then computed in order to obtain104

the relative reconstruction e�ciency between data and simulation. The latter factor is105

used to reweight the reconstructed J/ simulation. An additional reweighting is also106

performed on the kinematic distributions of the simulated J/ to match the data. The107

e�ciency is finally determined by comparing the corrected samples at reconstruction and108

simulation level. The PID e�ciency "PID is evaluated using a dedicated package [34] with109

pp calibration samples. Those e�ciencies are used as a baseline to perform a 2D (pT ,110

Nc) extrapolation, using first and second order polynomial functions, to estimate the111
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 LHCb-PAPER-2020-043 
(in preparation)

pT < 15 GeV/c pT ∼ 250 MeV/c

LHCb preliminary preliminary

 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.132302
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.222301
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• Photo-produced �  yields measured in � , �  and 
centrality bins


• Most precise � -dependent measurement to date


• Data qualitatively well reproduced in models, with and 
without nuclear overlap effects


• Photo-produced �  confirmed as source of the excess
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Table 1: Di↵erential J/ yields coherently produced as a function of y for hNparti=19.71±9.20.
The first uncertainty is statistical, the second systematic.

y
dYJ/ 

dy

[2.00, 2.83] (2.38± 0.16± 0.45) · 10�4

[2.83, 3.66] (1.38± 0.06± 0.13) · 10�4

[3.66, 4.50] (5.27± 0.56± 0.79) · 10�5

at high rapidity and it is consistent with being constant with respect to hNparti for the156

region considered in the analysis. For the first time, the shape of the J/ meson transverse157

momentum distribution is measured with high precision at the LHC.158
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• Ultra-Peripheral Collisions(UPCs): 
      impact parameter b is larger than the sum of the radii Ra and Rb of the two colliding nuclei, thus J/ψ mesons can be     
       coherently produced without nuclear breaking up.
• Peripheral Collisions: b is smaller than the sum of the radii
• Coherent �/� production can also occurs in peripheral collision with very low-pT excess.

     

Coherent �/� photoproduction in PbPb 5 TeV
  

16/20

Coherent productionHadronic productionUltra-Peripheral Collision Peripheral Collision

Coherent !  production in !  UPC J/ψ PbPb
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• Measured coherently produced �  in ultra-peripheral �  
collisions at � 


• UPC events selected requiring minimal activity in calorimeters


• Using small 2015 �  sample of � 


• Signal from �  extracted with fit


• Template fit to �  distribution to extract coherent 
contribution


- Templates from STARLight generator

J/ψ PbPb
sNN = 5.02 TeV

PbPb ℒ = 10.1 ± 1.3 μb−1

J/ψ → μ+μ−

log(p2
T)

(Comput.Phys.Commun. 
212 (2017) 258-268)
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• Coherent �  yields corrected with 
detection efficiencies


• Selection will be improved in final 
publication using HeRSCheL detector 


• Total cross-section in � :


� 


• Largest uncertainty contribution from 
luminosity determination


• Comparison with predictions from different 
models:


J/ψ

2.0 < y < 4.5

σ = 5.3 ± 0.2(stat) ± 0.5(syst) ± 0.7(lumi) mb

Coherent !  production in !  UPC J/ψ PbPb

�14

Cepila et al. PR C97 024901 (2018) 
Gonçalves et al. PR D96 094027 (2017) 
Guzey et al. PR C93 055206 (2016)  
Mäntysaari et al. PL B772 (2017) 832 

 LHCb-CONF-2018-003

Table 1: Relative systematic uncertainties considered for the cross-section measurement of

coherent J/ production. The first two contributions are taken from Ref. [21].

Source Relative uncertainty (%)
Reconstruction e�ciency 2.1–4.5
Selection e�ciency 3.2
Hardware trigger e�ciency 3.0
Software trigger e�ciency 1.6–5.3
Momentum smearing 3.3
Mass fit model 3.9
Feed-down background 5.8
Branching Fraction 0.6
Luminosity 13.0

consistent, and the statistical uncertainty of this test is assigned as systematic uncertainty.129

The systematic uncertainties related to the e�ciencies of the requirement on the130

multiplicity of SPD deposits and on the muon pT are estimated by assuming that the131

all events failing these requirements can be either background or signal. The systematic132

uncertainty related to the dimuon mass e�ciency is taken from the error of the integral133

of the double-sided Crystal Ball function. The VELO track multiplicity requirement is134

found to be 100% e�cient and no uncertainty is assigned.135

The signal and background templates used in the log(p2T) fit are a↵ected by the ad-hoc136

momentum smearing. An alternative smearing model is performed varying the smearing137

factor with the muon pT instead of the muon momentum. A di↵erence of 3.3% in the138

signal yield is observed and assigned as systematic uncertainty.139

The systematic uncertainty associated to the signal model in the fit to the dimuon140

mass spectrum is assessed using an alternative model. A single-sided Crystal Ball function141

is used for the signal and the di↵erence in the signal yields with respect to the nominal fit142

is assigned as systematic uncertainty.143

Since there is no dedicated template distribution for the feed-down background in144

the log(p2T) fit, a systematic uncertainty is evaluated. The J/ candidate selection is145

modified in order to allow for two additional opposite-sign tracks that are consistent with146

originating from a mixture of coherent and incoherent production of  (2S)! J/ ⇡+⇡�
147

decays. After requiring the reconstructed mass of the  (2S) candidates to be within148

65MeV of the known  (2S) mass, 22 candidates are observed. Using the ratio between 22149

and the number of observed  (2S)! µ+µ� decays, 78.5± 3.1 J/ mesons are expected150

to come from  (2S)! J/ X feed-down. Assuming that half of these candidates may be151

included in the signal yield, a systematic uncertainty of 5.8% is assigned.152

5 Results153

The cross-section for coherent J/ production within the fiducial region is calculated154

using Eq. 1 and found to be � = 5.3± 0.2 (stat)± 0.5 (syst)± 0.7 (lumi)mb, where the155

first uncertainty is statistical and the second is systematic and the third is due to the156
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New results from LHCb in heavy ion collisions were presented 
- Full list of published results here

Conclusions
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• First determination of �  for prompt charged particles in forward and backward regions at LHC!


- Measured prompt charged particle production cross-section in �  and �  at � 


- Measurement down to �  total relative uncertainty in � 


- Strong constrains to nuclear PDFs and saturation models down to very low � 


• First measurement of �  and  �  production in nuclear collisions at LHC at � 


• Measurement of photo-produced �  in peripheral �  collisions at � 


- First �  result at LHCb


- Most precise determination of �  spectrum to date


- Confirmation of the source of the excess in �  production at low � 


• Measurement of coherent �  production in ultra-peripheral �  collisions at �

RpPb

pp pPb sNN = 5.02 TeV

4.2 % RpPb

x

χc2 χc1 sNN = 8.16 TeV

J/ψ PbPb sNN = 5.02 TeV

PbPb

pT

J/ψ pT

J/ψ PbPb sNN = 5.02 TeV

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary_IFT.html
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FIG. 2: Nuclear modification factor for charged hadrons at pseudorapidities η = 0, 1.0, 2.2, 3.2. One standard deviation
statistical errors are shown with error bars. Systematic errors are shown with shaded boxes with widths set by the bin sizes.
The shaded band around unity indicates the estimated error on the normalization to ⟨Ncoll⟩. Dashed lines at pT < 1.5 GeV/c

show the normalized charged particle density ratio 1
⟨Ncoll⟩

dN/dη(Au)
dN/dη(pp) .
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FIG. 3: Central (full points) and semi-central (open points) Rcp ratios (see text for details) at pseudorapidities η =
0, 1.0, 2.2, 3.2. Systematic errors (∼ 5%) are smaller than the symbols.

(η = 3.2) the data show a suppression at all pT . The val-
ues of the RdAu ratios at low pT are observed to be similar
to the ratio of charged-particle pseudorapidity densities
in d+Au [13] and p+p [14] collisions 1

⟨Ncoll⟩
dN/dη(Au)
dN/dη(pp)

shown in Fig. 2 with dashed lines at pT < 1.5GeV/c .

Figure 3 shows the ratio Rcp of yields from collisions of
a given centrality class (0-20% or 30-50%) to yields from
more peripheral collisions (60-80%), scaled by the mean
number of binary collisions in each sample. The central-
ity selection is based on charged particle multiplicity in
the range −2.2 < η < 2.2 as described in [13]. Since the
peripheral collisions are similar to p+p, the Rcp is domi-
nated by the nuclear effects in the more central collisions,
making the nuclear modification independent of the p+p

reference spectrum. The data from the different central-
ity classes are obtained from the same collider run. The
ratios shown in Fig. 3 are therefore largely free of sys-
tematic errors associated with run–by–run Collider and
detector performance, and wide η bins can be used for
each spectrometer setting. In contrast, the ratios shown

in Fig. 2 must be constructed from two collider runs
with different species. Smaller η bins must then be used
in order to include detailed acceptance corrections lead-
ing to larger fluctuations. The dominant systematic error
in the Rcp ratios comes from the determination of ⟨Ncoll⟩
in the centrality bins. The shaded bands in Fig. 3 indi-
cate the uncertainty in the calculation of ⟨Ncoll⟩ in the
peripheral collisions (12%). We estimate the mean num-
ber of binary collisions in the three centrality classes to
be ⟨N0−20%

coll ⟩ = 13.6 ± 0.3, ⟨N30−50%
coll ⟩ = 7.9 ± 0.4 and

⟨N60−80%
coll ⟩ = 3.3± 0.4.

There is a substantial change in Rcp between η = 0
and the forward rapidities. At low pseudorapidity, the
central–to–peripheral collisions ratio is larger than the
semicentral–to–peripheral ratio, suggesting the increased
role of Cronin like multiple scattering effects in the more
violent collisions. Conversely, at forward pseudorapidi-
ties the more central ratio is smallest indicating a sup-
pression mechanism that depends on the centrality of
the collision. In Fig. 4 we show Rcp for the transverse

Previous results of !  for charged particlesRpPb
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TABLE IV. Parameter used in pythia8

parameter value description

SoftQCD:inelastic=on on QCD process for MB

PDF:pSet 7 cteq6l parton distribution function

MultipartonInteractions:Kfactor 0.5 Multiplication factor for multiparton interaction
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FIG. 8. RpA of charged hadrons as a function of pT at
(a) forward and (b) backward rapidity in p+Au 0%–100%
centrality selected collisions at

p
sNN = 200 GeV. Also shown

are comparisons to a pQCD calculation [14] and calculations
based on the nPDF sets [22, 23].

before and after hard scattering [14] at backward rapid-
ity are also compared with the data, and it agrees with
the both p+Al and p+Au data.

Figure 9 shows RpA of charged hadrons integrated over
the interval 2.5 < pT < 5 GeV/c as a function of ⌘ in the
0%–100% centrality selection of (a) p+Al and (b) p+Au
collisions at

p
sNN = 200 GeV. Again the data are com-

pared with pQCD calculations at backward rapidity and
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FIG. 9. RpA of charged hadrons in 2.5 < pT < 5 GeV/c as a
function of ⌘ in (a) p+Al and (b) p+Au 0%–100% centrality
selected collisions at

p
sNN = 200 GeV. Also shown are com-

parisons to a pQCD calculation [14] and calculations based
on the nPDF sets [22, 23].

calculations based on two nPDF sets. In p+Au collisions,
there is a modest hint that enhancement at backward ra-
pidity becomes larger as ⌘ approaches midrapidity, while
the suppression at forward rapidity becomes stronger. In
p+Al collisions, RpA at forward rapidity is quite simi-
lar to what is observed in p+Au collisions, whereas it
shows a smaller enhancement at backward rapidity than
the results in p+Au collisions. The comparison with

PHENIX: Phys. Rev. C 101 (2020) 034910

Charged-particle spectra and nuclear modification factors ALICE Collaboration
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Fig. 7: Left: Nuclear modification factors measured by ALICE in central (0–5%) and peripheral (70–80%) Pb–Pb
collisions and in p–Pb collisions at

p
sNN = 5.02 TeV. Right: A comparison of the nuclear modification factors

for central (0-5%) Pb–Pb and p–Pb collisions measured by ALICE and CMS [11, 14]. In both figures, the pT-
dependent systematic uncertainties are shown as boxes around data points. The normalization uncertainties are
shown as boxes around unity.

hadrons in 20–30% central Pb–Pb collisions at the LHC. The calculations by Andrés et al. [54] use the
jet quenching formalism of quenching weights. This approach consists of fitting a K factor, defined as
K ⌘ q̂/2e3/4, that quantifies departure of this parameter from the perturbative estimate, q̂ideal ⇠ 2e3/4

[55], where the local energy density e is taken from a hydrodynamical model of the medium. The K
factor is the only free parameter in the fit of nuclear modification factors. Without including new data atp

sNN = 5.02 TeV in the fit procedure, they predict a ⇠ 15% larger suppression at
p

sNN = 5.02 TeV as
compared to

p
sNN = 2.76 TeV, assuming the same value of K as the one obtained from the fit to the data

at the lower energy.

All models presented here describe the main features of the data. The models by Vitev et al., Djordjevic
et al. and CUJET 3.0 give quantitatively good description of the data. The model by Bianchi et al. is
consistent with data within 1.5s while that by Andrés et al. underestimates the data at high pT. However,
one should note that this comparison is made between unbinned theory calculations and binned data in
relatively large pT bins, which might introduce additional uncertainty.

4 Summary

In summary, we measured the primary charged particle pT spectra in pp and Pb–Pb collisions at
p

sNN =
5.02 TeV. We also reanalyzed the data collected in pp and Pb–Pb collisions at

p
sNN = 2.76 TeV as

well as in p–Pb collisions at
p

sNN = 5.02 TeV with the revised techniques. Thanks to an improved
reconstruction, track selection and data-driven efficiency correction procedure we were able to reduce
the systematic uncertainties by a factor of ⇠ 2 as compared to previously published ALICE results. The
measured spectra were used to determine the nuclear modification factors RpPb and RAA. The nuclear
modification factor in p–Pb collisions is consistent with unity at high pT, showing that the strong sup-
pression observed in Pb–Pb is not due to CNM effects but rather due to final state partonic energy loss
in the hot and dense QGP created in Pb–Pb collisions. This suppression is weak in peripheral collisions
and increases with centrality reaching a value of RAA = 0.13 at pT = 6–7 GeV, indicating an increasing
parton energy loss with centrality. This suppression is found to be similar at

p
sNN = 2.76 and 5.02 TeV,
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• First double-differential measurement of forward charged particle 
spectrum at � 


• Fundamental measurement for QCD, generator tuning and 
astroparticle physics

s = 13 TeV
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• First measurement of charm pair 
production in �  at � 


• Study Double Parton Scattering (DPS):


� 


• DPS enhanced about a factor 3 with 
respect to Single Parton Scattering 
(SPS) in � 


• Study combinations of �  and �  
pairs (� )

pPb sNN = 8.16 TeV

σAB
DPS =

1
1 + δAB

σAσB

σeff

pPb

D1D2 DJ/ψ
D = D0, D+, D+

s

Charm pair production and DPS scattering in !pPb
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Figure 2: Two-charm hadron invariant-mass distribution of (red) D0
D

0 and (blue) D0
D

0 pairs
in (left) pPb, (right) Pbp data and (magenta dashed line) Pythia8 simulation. Vertical bars
(filled box) are statistical (systematic) uncertainties.

shown for D
0
D

0 and D
0
D

0 pairs without any requirement on pT(D). The di↵erence
between D

0
D

0 and D
0
D

0 pairs is determined to be more than three (two) standard
deviations in pPb (Pbp) data, studied using a �2 test. For both D

0
D

0 and D
0
D

0 pairs,
the mDD distribution is compatible between pPb and Pbp data. The D

0
D

0 pair shows
a similar mDD distribution to that of the Pythia8 simulation, in which the fraction of
inclusive charm production that contains more than one charm pair within the LHCb
acceptance is about 7%.

The �� distribution is shown in Fig. 3 for D0
D

0 and D
0
D

0 pairs with and without
the requirement pT(D0) > 2GeV/c. Without this condition, the �� distribution is almost
uniform for both LS and OS pairs, similar to that in Pythia8 simulation. However,
with the pT(D0) > 2GeV/c requirement, the D

0
D

0 pair favors values �� ⇠ 0, while that
of D0

D
0 pairs is still compatible with being flat, and both show inconsistency with the

Pythia8 simulation. In general, the behaviour thatmDD distribution in D
0
D

0 pairs peaks
at higher values compared to that of D0

D
0 pairs and the flat D0

D
0 �� distribution are

qualitatively consistent with a large DPS contribution in LS pair production. Distributions
of the pair transverse momentum and the two-charm relative rapidity are found to be
compatible in OS data, LS data and the Pythia8 simulation.

The e↵ective cross-section �e↵, pPb is calculated according to Eq. 1 using the D0
D

0 and
J/ D

0 cross-sections [6], assuming solely DPS production, where the prompt J/ and D
0

production are evaluated from LHCb measurements [77, 78]. The results are displayed
in Table 1 with a typical value of order 1 b. Table 1 (“pp extrapolation”) also provides

Table 1: The e↵ective cross-section �e↵, pPb (in b) measured using J/ D
0 and D

0
D

0 pair
production in p-Pb data and the extrapolated values from pp data [80].

Pairs �5 < y(Hc) < �2.5 1.5 < y(Hc) < 4 pp extrapolation
D

0
D

0 0.99± 0.09± 0.09 1.41± 0.11± 0.10 4.3± 0.5
J/ D

0 0.64± 0.10± 0.06 0.92± 0.22± 0.06 3.1± 0.3

5

For ! :1 b

(!  in ! )σeff b
Result assuming SPS and no nuclear effects

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.212001

